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number of biological processes cha. are imporam for normal and pathological states 
; governed by interactions of ce.ln.ar proteins mediated by Srcjomologzjeglon 3 
(SH3) domains. This disclosure concerns methods and materials for generating SH3 
dl;;;:;;:;:^ engineered binding properties, .nd their „.e .s^ol, in research, therapy. 

M 

diagnostics and drug discovery. 

i ■ ■ • 

Background of the invention 

Virtually all aspects of cellular behavior, such as adaptation of a cell, in response to 
extracellular stimuli by changing of its pattern of gene expression, are regulated and 
executed by dynamic and ordered proximity of cellular proteins. During the evolution 
several different types of protein domains specialized in mediating such regulated and 
specific protein^proHin^ -^"ts have emerged. Protein domains of one type 
typicallyl^^^^TlI^^Mi" of homologous but sufficiently divergent members, such 
,hat each of them have unique, although often overlapping specificities for ligand 

binding. 



The SH3 domain was first identified a. a region of homology among the^Srcfemily^ 
<^rn7Tl^e^oded3y_oncogenic_r.et^^^^^ and their 'cellular proto- oncogene 
counterparts. Thereafter SH3 domains have been noticed in a large number (>50) of 
proteins that serve important functions .n regulating cell growth, differentiation, and 
Other processes. Because of these functions SH3 domains are intimately involved m 
pathogenesis of various diseases, in particular^^ In addition, various m>crob,at 
pathogens, such as (^exploit SH3-mediated processes_asapa^^ 
Ability to mfluence^ STl^^ fefo^ ^^^d^^^jmjorr^ would 
therefore have'significant therapeutic potential. 



SH3 domains arc globular protein modules typically consisting of 50 - 70 amino ac.ds 
found in many different proteins, particularly pr^tein^^ 
transduction (Cohen et al. 1995. Cell. 80. 237-248; Dalgarno et al. 1997. Biopolymers, 
471^0) SH3 domams mediate inter- and intramolecular interactionsby_bmdmg to^ 
Hiii^dTthat contam a region with a secondary structure 

^^S;^- These ligands can bind to SH3 domains i^JwoopB^j^ge^o^fl?^ 

, t^^^^ow the(^i^^^ 
^ y a hydrophobic amin^. X, is any amino acid) (Feng er al 1994. Science, 266. 1241- ^ 
7- Lim et al 1994. Nature, 372, 375-9). The positioning of the conserved ba..c r«.duc 
(u3ually.anarginineCg>thePxxPn.ot.fdetern.ines^n^^ ^ 
•bind. i. cognite SH3^i.. la addition, there ar^a^piirSHl^^ PP" ^ 
helices that do not conform to such consensus rules. A notable example is the PPII region ^ 
in Src which is involved in catalytic autoinhibitioii by binding to the SH3 domain of Src 
itself, but" conuins only 6ne of the two prolines that^ordinarily define a PxxP-motif (Xu 
15 1997. Nature, 385.595-602). ^ " ■ 
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rli^U^i^^T^S^^^ the consensus as well as the 

-;^-;;;r^°nsensus- positions. hasJ^een shown to influence the specificny^ m 
.«./ii p.nd complex formation . Examples of preference for targets with atypical Pxx? 
consensus motifs have been provided by studies addressing^Ts^^^'^ selection 
(Fenger^/. 1994. Science, 266. 1241-7; Weng .r a/. 1995. Mol Cell Biol, 15.5627-34; 
Yuera/ 1994 cell. 76. 933-945), and the e^^C3G peptide complex (Knudsen 
eval 1995. EMBO J. 14. 2191-8; Wu gr^/- 1995. Stru cture. 3. 2l?-226). The effect 
of sequence variation involving - the PPII region of SH3- 

ligands has been best demonstrated by experiments in which distinctive target sequences 
have been .elected for differeni SH3 domains from libraries of chemically synthesized 
or phage- displayed random peptides (Sparks ei al. 1994. J Biol Chem, 269. 23853-6; 
Viguera et al. 1994. Biochemistry, 33, 10925-33; Yu et al 1994. Cell. 76. 933-45). 
However . despite the above-discussed evidence for specificity, the maximal SH3-binding 
affinities of short PPII ligand peptides are low, and the relative differences in their 
binding to differem SH3 domains are modest. 



l\.^/l 



By contrast, there is increasing evidence that molecular contacts outside the PPII helix 
interface can provide significant specificity and strength to SH3-binding. Use ofphage^ 
display libraries of longer peptides containing a PxxP motif embedded witliin rando m 
sequence has demonsirated^t ^ flanking residues can incre ase the selectivity of such 
5 ligands, w hich may show up to 2Q-to-30 fold differences Jnjheir^affmities towards 
different SH3 domains (Rickles etaL 1994. EMBO J, 13. 5598-604; Rickles etai 1995. 
P?oc Natl Acad Sci USA, 92, 10909-13; Sparks et aL 1996, Proc Natl Acad.Sci U S 
A, 93, 1540-4). Structural analysis of tlie interactions of Src-SH3 with two such 
dodecapepcides revealed that the relaiively high specificity and affinity (Kq values 0.54 
10 and 1 .2 ^^M) of these interactions involved contacts-'between the flanking residues in 

the peptides an rtwol^^Hke stnj ctur^ th e Sr ^pSH3 domain , which represent regions 
of high sequence diversity among different SH3 domains and are known as^th^^sr^nd 
"R TM^^^ Feng er al. 1995. Proc Natl Acad Sci U S A. 92, 12408-15). Similarly, the 
^ecifiD binding of a rationally designed proline-rich ligand to Abl SH3 (Kd 0.4 fiM for 
15 Abl vs. 273 for Fyn-SH3) could be explained by corresponding molecular contacts 
with Abl SH3 (Pisabarro and Serrano. 19^6. Biochemistry, 35, 10634-40; Pisabarro et 
al 1998. J Mol Biol, 281, 513-521). 

Another interaction that has been informative in elucidating the basis of SH3 binding 
20 specificity, which also emphasizes the role of the RT- loop, is the complex between HIV- 
1 Nef and the SH3 domain of the tyrosine kinase(Hck!)^Jef is a 27 - 34 kD myristoylated 
protein of primate lentiviruses (HIV-1 , -2, and SIVs), and important for development of 
high viremia and immunodeficiency in the infected host (Harris. 1996. J Gen Virol, 77, 
2379-92; Sakscla. 1997. Front Biosci, 2, 606-618). Interestingly, Nef has remarkably 
25 selective SH3-binding characteristics. It can bind tightly to the Hck-SH3, showing 
affinity values of approximately Kp 0.2 /^M as measured by surface plasmon resonance 
(Lee et aL 1995. EMBO J. 14, 5006-15). In contrast lo the strong binding to Hck, Nef 
has almost a 100-fold lower affinity towards the highly homologous SH3 domain of Fyn. 
Biochemical and suuctural studies have revealed that the basis of this selectivity lies in 
30 the efficient stratetgrTorNffiiDT-reegp:^^ 




to Hck, in particular the side chain of an isoleucine located in the RT-loop of Hck-SH3 
(Lee et aL 1996. Cell, 85, 931-942). The region that accommodates the Hck-SH3 RT- 



loop Ls composed of multiple non-contiguous parts of ^e Nef polypeptide, and ts located 
distally from the PPH region in the tl.ree-dimensional structure of Nef. 

Previous attempts to generate molecules that could coj^^get^iit^^ f ^ 

5 SH3-interactions have focused on design or selection from random libraries of peptides 
a1;r;^;;S^e molecules that could compete with P 

cognate SH3 domains. Success in such approaches has been reported by a number of 
groups (see references above). Patent applications for different modifications of thts 
approach have been f.Icd (such as WO 95/24419 and WO 96/036.9). However, the 
,0 relative Similarity of the SH3/PPI1 interface of different Smm^,,^B^I^^ 
problem for developing highly specific inhibitory molecules/To overcome thi. problem 
we have chosen a different approach, which ,is based on the apparent role of the SH3 
. domain RT-loop in ligand selection that has been indicated by a number of stud.es. m 
particularourpreviousworlconthecomplexbetweentheHIVNefproteinandtheSH3. 

15 domain of tlie cellular Hck tyrosine kinase. 

The^65^;r;^5SS^uggest a^^^^ where re gions in SH3 lig and^de 

that are divergsitamongiHido^ in particular residues in th<^lo^ Prompted 
20 b7^i;r;^pt, in the present invention we have constructed a large library (> 130 
millions) of Hck-derived artificial SH3 domains, in which sunon:ConseT.e6,, ^ c^ 
specificresiduesi^^ 

R^^3 for-l^d^i iilg^lS ^. and expressed these on ,the surface M13 
5;;irrorder to^dent'^r novel SH3 domains with engineered bindmg 
25 characierisucs. We show that phage-display is well suited for presentation and selection 
of modlfijdlm^^s. and provide strong experimental support for a role of the SH3 
taoo^^sTversatile specificity and affinity determinant. 

ConsequenUy. as explained hereinbelow^we^avef^^ manipulating 
30 the amino acid sequence comprising th^^Sier^^ 

aminoacid^^ it is possible to creat ^'a-ftifioial SH3 domj n?)that 




5 ... 

bind with unnaturally high affinities and with predetermined binding specificities to 
different ligand proteins. 

Summary of the Invention 

5 

The well-characterized interaction between HIV-1 Nef and the SH3 donnain of Hck is one 
of the tightest known SH3-mediated Interactions. We have previously shown that a\ ^ 
similar capacity for binding to Nef can be transferred to Fyi>^^ by engineering Hck-^^ 
like amino acid substitutions into lis RT-loop. The present invention is in the finding that, 

1 0 inctP^H nf m^mickinp the structure of a naturally occurring, known cognate SH3 doma in, ^ 
one can generate SH3 domains with desired ligand binding properties by using random 
manipulation of the RT-loop sequence combined with a powerful affinity or functional 
selection. Notably the method described -in this invention can be used to identify SH3 
domains with unnaturally high affinities specific for proteins known to bind to any 

15 naturally occurring SH3 domains, as well as to target proteins that are believed to be SH3 
ligands but lack! an identified SH3 domain-containing cellular partner . 

Consequently, the present invention provides a method for generating SH3 domains with 
tailored binding properties,. ariificiarSH3 domains (termed RRT-SH3 domains) obtained 
20 by such a method for use as efficient tools in research, diagnostics, therapy and drug 
discovery. 

Brief description of the drawings ^ 

25 Figure 1. A simplified cartoon depicting the strategy of current invention for creating 
SH3 domains with altered binding properties. Interactions of SH3 domains, sucli as Hck- 
SH3, with their cognate ligand proteins involve a set of molecular contacts between the 
SH3 domain and a proline repeat (PxxP) motif region in the ligand protein. Altliough 
necessary for binding, these PxxP-directed interactions are weak and relatively similar 

30 in most SH3/ligand complexes, and therefore provide little selectivity and strength for 
these interactions. 
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Figure 2 A. and Figure 2B. Dau from two representative experiments measuring binding 
of four different RRT-SH3 domains to immobilized Nef based on their ability to compete 
with labeled Hck-SH3 (Fig. 2A) or RTT-Al (Fig. 2B).The assay conditions were 
essentially the same in both cases (see Methods in Example 1). exept that ten times more 
Hck-SH3 (66 nM. 2A) than RTT.Al (7 nM. 2B) was used as a probe. The degree ot 
inhibition of probe binding to Nef caused by the added competitors is shown on the y- 
axis and the 50% level is indicated by the horizontal dashed line. The concentration of 
Che competitor relative to the probe (ranging 1 : 128 to 4: 1 for Hck-SH3. and 1 : 8 to 256: 1 
for RRT.Al) is shown on the x-axis, and the point where the probe and the competitor 
were present in equimolar amounts is indicated by d.e vertical dashed line. As expected, 
in bod. cases when the same SH3 domain was used as a probe and a competitor, the 
inhibition curves passed very close to the point where the dashed lines crossed. All RRT- 
SH3 domains were tested at least three times, and tl.e summary of these data is shown 
in Table I. 

Figure 3. Binding of selected RRT-SH3 domains to a Nef variant carrying a F90R 
mutation. NefR90 was used a ligand for biotinylated RRT.Al (66 nM) in the presence 
■of unlabeled SH3 domains at relative concentrations ranging from 1:256 - 16:1. 
Summary of similar data on all tested RRT-SH3 domains is presented in Table I. 

Detailed description of the invention 



m the protDiypic version of the invemion presented here we have used polymerase chain 
reaction (PGR) assisted mutagenesis to produce a large collection of SH3 domains 
(termed RRT-SH3) that shared their overall structure with Hck-SH3. but contained a 
random combination of amino acids in place of die six RT-loop residues that constitute 
a variable region among the otherwise homologous SH3 domains. We generated =130 
million individual recombinant phagemid-expressed RRT-SH3 domains, which exceeds 
die theoretical number of all possible combinations of six residue peptides made of the 
30 20 different amino acids (20' = 64 million). We discovered that a method known as 
^^^^di^l^is well-suited for expression of functional SH3 domains on the surface of 
bSiS^particles. and used this method as a selection tool for identification of the 
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rare RRT-SH3 domains with desired binding properties from among the millions of non- 
binding molecules. Although at the moment phage-display appears to be the preferred^ 
method for such functional selection of the RRT-SH3 domains, the current invention is 
not restricted to this approach, and a number of other methods could also be used for this 
5 task. 

As a proof of principle for the usefulness of this approach we showed that it is possible 
10 identify individual RRT-SH3's which bound to HIV-1 Nef with up to 40-fold higher 
affinities than the already avidly binding (K^ 250 nM) Hck-SH3 domain that served as 

10 the backbone of the artificial RRT-SH3 molecules. Such superior affinity provided these 
molecules an ability ro efficienUy compete with tlie Hck/Nef interaction^eve n w^ien 
present in low concenu-ations. thusj Dointijig,^^^^ • 
Notably, we showed that it is possible to identify RRT-SH3 molecules from this Hck- 
derived library that bind with very high affinities to SH3 ligand protein that do not have 

15 significant affinity for the natural, unmodified Hck-SH3. As an example of such a protein 
we used a mutant version of the Nef protein (NefR90) whose ability to bind Hck-SH3 has 
been disturbed by a mutation that specifically prevents the accommodation of the native 
Hck-SH3 RT-loop. These proof-of-principle studies are described below in Example 1 
together with methodological details of this prototypic application of the invention. 

20 

The present invention provides a generally useful method for targeting of SH3 ligand 
proteins with artificial. SH3 domains. Although our results indicate that very different 
binding specificities can be generated by manipulation of the SH3 I^T-loop of a single 
(Hck) SH3-domain backbone structure, other SH3 domains can be similarly modified b y 
25 the descri bed methodology, if necessary in order to create high affinity molecules for all 
SH3 ligand proteins. Also, the engineering of the binding-properties by manipulation of 
th^^^ T^op regio ^ould be combined with other random or specific moditlcations of 
the SH3 domain to further optimize its binding or other physico-chemical properties, 
sucJi as protease resistance or solubility. 

30 - 

Instead of targeting individual, known SH3 target proteins in vitro, RRT-SH3 libraries 
may also be used to target yet unknown- SH3 target proteins that serve important roles 
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in cellular evenis of interest, such as proliferation and programmed cell death. In this 
approach, an RRT-SH3 library is introduced into cultured cells using vectors such as 
recombinant retroviruses , and a cell with a phenotype of interest is selected from among 
a large population of cells expressing different RRT-SH3 domains, as is routinely done 

5 in a strategy well known as "functional cloning" , where libraries of cell-derived cDN As 
instead of RRT-SH3 domain constructs have been introduced into cells. Isolation of the 
RRT-SH3 domain responsible for the altered cellular phenotype can d^en be isolated, and 
used for similar applications as the RRT-SH3 domains discovered by in vitro affinity 
selection, as well as employed for identification of its specific target protein, which 

10 could be a previously unknown SH3-target protein or an already recognized protein that 
has previously not known lo be involved in functions related to the altered phenotype of 
interest that was selected for. 

Several valuable applications for tailor-made SH3 domains described by the present 
15 invention can be envisioned. They could be introduced into and expressed in cells in 
order to activate, inhibit or otherwise regulate or modify the functions of SH3-ligand 
proteins and their complexes with other proteins. If the RRT-SH3 domains would be 
equipped with a protein with an appropriate targeting signal, the subcellular localization 
of their target protein could also be influenced this way. Further, a diagnostic method 
20 could be designed for the detection of infectious organisms, detecting the binding of the 
RRT-SH3 domains to their targets, such as viraJ proteins, either in cells or cell-free 
systems. 

While the most apparent uses of such approaches are in basic research on SH3-mediated 
25 cellular processes, similar applications in gene therapy are also obvious. The relatively 
small size of an SH3 domain also makes it possible that the engineered RRT-SH3 
proteins could be delivered into target cells by fusing them to membrane-penetrating 
peptides or other such methods. Besides being used as therapeutic agents tliemselves. 
structural analysis of the RRT-SH3/ligand complexes could also help in design of non- 
30 peptide compounds targeted against the SH3-binding interfaces of various disease- 
associated cellular proteins. It would thus be possible to design drug candidates 
stucturally mimicking the RRT-SH3 domains and sharing similar binding properties. 
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Finally, the ability of RRT-SH3 to interact tightly to the SH3-binding surface of the 
ligand proteins, and thereby compete with any compounds that bind to the same region, 
could also be helpful in identifying molecules derived by non-rational drug discovery 
screens that are targeted against these functionally important regions. It would thus be 
5 possible to guide drug development by using a RRT-SH3 to recognize the molecular 
region in its traget protein that should be targeted by a drug in order to prevent similar 
interaciions of this protein with naturally occurring SH3 donuins.' 

The six SH3 amino acid residues to be replaced according to the invention by an artificial 
10 amino acid sequence to generate RRT-SH3 domains correspond to the residues 69 to 74 
(EAIHHE) m the human p59 Hck protein sequence (GenBank PID: 2144421), and form 
the exposedpart of a SH3 structure kiiown as the RT-loop. Although SH3 domains are 
divergent in their amino acid sequence in this region, analofious residues are present in. 
the RT-loops of all other SH3 domains as well. In other SH3 domains these analogous , 
15 amino acids can be specified as the residues occupying the six consecutive positions in 
the polypeptide chain that immediately follow a conserved stretch of amino acids referred 
to as the ALYDY^nsensus motif, because this or related sequence can be identified by 
amino acid alignment in virtually all SH3 domains. For example, in the most amino 
terminal of the three SH3 dopains of the humjji Nek protein (GenBank PID:88235) 



20 these residues are VAQQEC^^d occupy the amino acid positions 14 to 19, whereas in 
the carboxy terminal SH3 domain of the mouse Vavl protein (GenBank PID: 6755955) 



The RRT-SH3 domains obtained can be further modified in their structure, e.g. by 
25 shortening the amino acid sequence thereof, without affecting their function, to obtain 
derivatives of RRT-SH3 domains. Such derivatives may have advantageous properties 
for expression in cells. 




these residues are CARDRS^ 




.nd occupy the amino acid positions 794 to 799. 
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As an example of generating SH3 domains with tailored binding properties we describe 
below in detail generation of SH3 domains derived from Hck-SH3, being targeted to tlie 
HIV-1 Nef protein. 
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Example 1: SH3 domains targeted with high afTmity to wild-type and Hck-SH3 
bindiTig-deficient forms of HIV-1 Nef 



Methods 

5 

Generation of Hck-SH3-containing phagemid vectors 

To produce a phagemid for expression of native ^^^'^^^^.^^}^^^^^ encoding 
a 56 aa Hck polypeptide fragment (NH.-VV,,.VDSL-COOH) was ampUfied by PGR 
using Pfu polymerase (Stratagcne) and primers containing Pat I and Not I sites, and 

10 inserted into the corresponding sites in pCANTAB-5EP, a modified version of 
pCANTAB-5E (Pharmacia) with a new Pst I cloning site. To create the library of RRT- 
SH3 domains, a longer sense PGR primer 5'-AAT CTG GAG GAA TTC GTG GTT 
GCC CTG TAT GAT TAT>>OnIN NNK NNS NNK NNK NNS GAC CTC AGC TTC 
GAG AAG GGG GAC-:^extending over the RT-loop encodmg region of Hck was used 

15 (N = C/G/T/A, S = G/C and K = G/T), and the resulting fragment was cloned into 
pCANTAB-5EP as described above. A total of 137x10^ individual recombinant colonies 
were obtained by electroporation into £. coti TGI cells, which were pooled and infected 
widi the M13K07 helper phage as explained below. 

20 Production of infectious recombinant phages 

Overnight cultures of TGI cells carrying the phagemid(s) of interest were grown at 30PC 
in 2xYT containing 100 /ig/ml ampicillin and 2% glucose (2xYT/AG). Cultures were 
diluted 1/10 in 2xYT/AG. and incubated with 5 x 10* pfu/ml of M 13^07 helper phage 
(Pharmacia) for 2 hours at 37^. The bacteria were pelleted, and the medium changed 

25 to 2xYT containing 100 /ig/m! ampicillin and 50 ^g/ml kanamycin (2xYT/AK). After 
overnight growth of the double resistant bacteria in thb medium at 37*'C, the supernatant 
containing the recombinant phages was collected, passed through a 0.45 /zm filter, and 
stored in aliquots at A'^C until needed. 

30 Phage selection 

Six-well plates were coated with 10>g/ml GST-Nef (HIV-l NL4-3 Nef containing a 
T71R change to mimic Nef from typical primary HiV-1 isolates; Saksela e: al., 1995.: 
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EMBO J, 14, 484-91), GST-NefR90 (see text; Manninen et al 1998. Virology. 250, 
273-82), GST-Nef-PAl (P72A + P75A mutant of Nef; Saksela et al 1995. EMBO J, 14, 
484-91) or plain GST in 50 raM sodium carbonate pH 9.6 at 4 X overnight.. Nonspecific 
binding sites were blocked with 5 % milk in PBS/0.05 % Tween 20, and the wells washed 
5 briefly with PBS before 10*^-10^^ pfu of recombinant phages per well were added (higher 
titers used in the early rounds of selection), followed by incubation for 2 hours at RT. 
In some experiments involving NefR90-coai:ed wells, \ht phage solution was 
supplemented with 10 >^g/ml of soluble wild-type Nef. After incubation with the phages 
the wells were washed six times (5 min) with PBS -h 0.05% Twccn 20 and throe times 
10 with PBS. 

In most experiments the bound phages were eluted with a small volume of PBS 
containing an excess of (150 ;xg/ml) of the same Nef protein immobilized in the well.. 
Alternatively, the TGI cells to be infected were added directly to tlae washed wellsv In 

15 both cases, the bacteria were first grown in 2xYT to log phase from an overnight culture, 
infected with the affinity-selected phages for 2 hours at 37 ''C, after which a sample of 
1% was removed for determination of the infectious titer of the selected phages by 
plating on ampicillin plates. These plates also served as indicators for the enrichment of 
specific clones when. compared to plates infected widi phages from GST-coated wells 

20 processed in parallel. The remaining 99% of the infected bacteria were supplemented 
with 100 ^g/ml ampicillin and 2% glucose, and subjected to a subsequent infection with 
5 x 10*" pfu/ml of M13K07 helper phages for 2 hours at 37T, after which they were 
pelleted and resuspended into an equal volume of 2xYT/AK. After an overnight 
incubation the amplified recombinant phage supernacants were collecied as described 

25 above, and used for the subsequent round of selection/infection. Usually after 8 cycles 
■ of selection > 12 colonies were picked for miniprep preparation of phagemid DNA, and 
their RRT-SH3 insert sequenced using ABI Prism 310 (Perkin Elmer Applied 
Biosystems). 

30 Expression of recorabinant proteins 

Generation of the pGEX vector for bacterial expression of the GST fusion proteins for 
Nef and Hck-SH3 has been described previously (Saksela ei qL 1 995. EMBO J. 14, 484- 



m 
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491; Manninen ex ai, 1998. Virology, 250, 273-282). GST-RRT-SH3 vectors were 
constructed by PGR amplification of the SH3 fragments from the corresponding 
phagemids, and insertion between the Eco RI and Sal I sites in pGEX-4T-l (Pharmacia), 
and verified by sequencing. Expression and purification of the GST fusion proteins in 
5 E. coli BL21 were carried out by standard methods as recommended by the supplier of 
the pGEX vectors and glutathione resin (Pharmacia). After elution of the fusion proteins 
from the resin they were concenu-ated and their buffer changed to PBS by ultrafiltration 
in Gentrex UF2 columns (Schleicher & Schuell), followed by concentrations 
measurement using the BioRad (Lowry) method using BSA as a standard. The 

10 concentration and integrity of the proteins were further confirmed in Coomaasie blue 
stained SDS PAGE gels. Biotinylation was done using the EZ-Link SuIfo-NHS-LC- 
Biotin reagent, as suggested by the manufacturer (Pierce), after which these proteins 
were subjected to 3 rounds of uluafiltration to remove any free biotin. followed by^. 
concentration measurement as described above. 

15 . 

Competitive Nef/SH3 binding assay 

Nunc Maxisorb F8 strips were coated with the different GST-Nef proteins (200 ng in 
100 /il per well) overnight at 4°G, followed by a 30 min incubation at RT with 1.5% 
BSA in washing buffer (WB; PBS + 0.05% Tween-20) to saturate non-specific protein 

20 binding, and washed twice with WB. The unlabeled SH3 proteins used as competitors 
were diluted into WB that contained 1.5% BSA and a large molar excess of plain GST 
(4 ^M) 10 minimise any GST-directed dimerization of the fusion proteins. 50 of diis 
solution was mixed with an equal votume of . the probe (biotinylatedi SH3 in WB) and 
. added to die wells resulting in a fmal probe conceniracion of 66 nM (Hck.-SH3/Nef and 

25 RRT.Al/NefR90 assays) or 7 nM (RRT.Al/Nef assay). After a 1 hour incubation at RT 
the wells were washed three times with WB, and added 100 ^\ of 1:2000 dilution (in 
WB) of streptavidin-bioiin horseradish peroxidase complex (Amersham Life Sciences) 
per well. The plates were incubated 45 minutes at RT and washed again three times, 
after which their peroxidase activity was measured using 1,2-phenylenediamine- 

30 dihydrochloride (OPD; 0,6 mg/ml; Fluka AB) as a substrate. The enzymatic reactions 
were stopped after 10 minutes by adding 50 /xl of 2 M sulfuric acid, followed by optical 
density measurement at 492 nm using a Victor 1420 Multiiabel Counter (Waliac). 
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Results 



The avid binding of HIV-1 Nef to the Src homology-3 (SH3) domain of Hck (Kp 250 
nM) has been shown to involve an interaction between the RT-loop of Hck-SH3 and 

5 residues in Nef outside of its prototypic polyproline type II (PPII) helix-containing SH3- 
ligand region. Such distinctive interactions are thought to provide specificity and affinity 
for other SH3/ligand protein complexes as well. In this invention we constructed and 
successfully displayed on the surface of M13 bacteriophage particles a complex library 
of SH3 domains, which are derived from Hck but carry a random hcxapeptide 

10 substitution in their RT-loops (termed RRt-SH3). By this strategy we identified 
individual RRT-SH3 domains that can bind to Nef with affmities higher than Kd 10 nM. 
Some of these high-affinity RRT-SH3 domains resembled Hck-SH3 in that they bound 
much less well to a Nef variant containing an engineered F90R mutation that interferes- 
with docking of the native Hck RT-loop. In addition, we could also select RRT-SH3 

15 domains with an opposite specificity, which were. dependent on the Arg*" residue for 
strong binding, and had a 100-fold lower affinity for unmodified Nef These results 
emphasize the importance of the RT-loop in SH3 ligand selection, and suggest a general 
strategy for creating SH3 domains with desired binding properties. 

20 Generation of a phage-display RRT-SH3 Ubrary 

To examine if it would be possible to present functional SH3-domains on the surface of 
bacteriophages we constructed a phagemid containing Hck-SH3, and by using a Ml 3K07 
helper virus produced recombinant phages expressing it fused to tlie pIU coat protein. 
When these phages were incubated in six-well plates coated with purified GST-Nef, 

25 GST-Nef-PAl (an SH3 binding deficient P72A;P75A mutant of Nef), or plain GST 
protein, the titers of infectious phagc-particlcs resisting washes were found to be 2 to 3 
orders of magnitude higher in the GST-Nef coated wells as compared to wells coated 
with plain GST or with the GST-Nef-PAl fusion protein (data not shown). Thus, these 
results indicated that functional SH3 domains can be displayed on the surface of MI3 

30 phage particles, and that such phaces can be positively selected using a cognate SH3 
ligand as an affinity reagent. 
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To create SH3 domains widi novel ligand binding properties, we used PCR-assisted 
mutagenesis to produce a large collection of SH3 domains (termed RRT-SH3) that shared 
dieir overall structure with-Hck=:SH3., but conuined a random combiaation of a mino 
acids i nplace ^the^^^ resi^eslfEAIHHE) th a^aons.titute^ ^i^lej^gio^ 

5 ;^mnnpthe otherwise homolo gous SH3 domains. We generated^ 1 30 million individual 
recombinant phagem id clones expressing different RRTrSH3 domains, which exceeds the 
theoretical number of all possible combinations of six residue peptides made of 20 
different amino acids (20^ == 64 million). An infectious phage stock displaying this 
heterogeneous population of RRT-SH3 proteins was generated, as explained above for 

10 the Hck-SH3-expre33ing phagemid, and used for subsequent affinity selection 
experiments. 

Selection of RRT-SH3 proteins bindine to Nef 

To test if the RRT-SH3 library contained novel Nef-binding SH3 proteins, we carried" 
15 out an extensive selection of phages showing affinity for wild-type HIV-1 Nef. The 
selection scheme consisted of multiple (11 in all) independent experiments consisting of 
7 or 8 rounds of affinity-selection and helper virus -ass is ted reamplification of the 
recombinant phages, A representative collection of RRT-SH3 clones derived from 
different rounds of phage selection were sequenced to follow the loss of heterogeneity 
20 in the population and tJie emergence of putative Nef-binding RRT-SH3 clones. A total " 
of 278 RRT-SH3 clones selected using Nef were sequenced (Table I and data not 
shown). After six rounds of selection, the phage populations were typically dominated 
by 1 .- 3 different RRT-SH3 clones. In most cases these dominant clones were identical 
or similar to the clones derived from other independent experiments, leading us lo 
25 believe tliat we had rather exhaustively sampled the library for SH3 domains capable^of 
high-affinity binding to HIV-1 Nef. 

The RT-loop sequences of the RRT-SH3 clones found to be dominant after ^ 7 rounds 
of selection are listed in Table I. They fell into four sequence families characterized by 
30 three or more identical residues within each class. In addition, these families also shared 
obvious similaruies, most notably a serine residue in the second of the six (2/6) 
randomized positions present in all of them. One prevalent clone (RRT.Cl) contained 
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the consensus motifs of two different RT-loop sequences families (B and C). Besides tht 
frequent appearance of serine, these RT-loops were remarkably rich in aromatic and 
proline residues. Although the RT-loop of the natural Nef ligand. Hck-SH3, also 
contains two aromatic residues (histidines) the selected RT-loop sequence did not bear 
5 obvious resemblance to this region in Hck-SH3, or any other naturally occurring SH3 
domain in the GenBank database. 
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When the RRT-SH3 phage supernatants from the late rounds of selection, which were 
dominated by the clones shown in Table I, were subjected to an additional round of 
affmity selection using wild-type Nef and the SH3-binding-nfigative Nef-PAl mutant in 
parallel, efficient capture of recombinant phages was seen only in the former case, 
whereas phage recovery from tlie Nef.PAl-coated wells did not differ from Uie control 
wells without Nef (data not shown). Thus, while the RT-loop sequences of the enriched 
RRT-SH3 phages provided them with a superior affinity for Nef as compared to the rest 
of the clones in the library, these interactions were critically dependent on an intact 
PxxP-motif in Nef. aa expected for bona fide Sm-m&disned binding. 
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RRT-SH3 domaiiis can bind to Nef with high affinity 

To study the binding properties of the selected RRT-SH3 domains in more detail, we 
transferred several members from each of the clone families into a bacterial expression 
15 vector to be produced for biochemical studies. To estimate their affinities for Nef we 
developed a competitive 96-well plate binding assay. In this assay serial dilutions of 
RRT-SH3 proteins were tested for ±eir ability to compete with a constant amount of 
biotinylated Hck-SH3 for binding to immobilized Nef. followed by colorimetric 
quantitation of bound Hck-SH3. The binding affinities of the different RRT-SH3 proteins 
used as competitors could then be easily calculated based on the well-characterized Kq 
value (250 nM) of the Hck-SH3/Nef interaction. This assay design was chosen because 
it should be relatively insensitive to most potential sources of error that might easily 
affect a non-competitive assay, such as effects caused by the GST part, of the SH3 fusion 
proteins or related to the incubatjon and washing conditions. The validity of this assay 
was strongly supported by the excellent correlation of the theoretical and experimental 
values fbr a homotypic competition of unlabeled Hck-SH3 with biotinylated Hck-SH3, 
showing close to 50% inhibition at 1:1 ratio, and expected values over a wide range of 
concentration ratios (Fig. 2A). 

As evident from Figure 2A and Table 1. all RRT-SH3 proteins from late rounds of 
selection bound to Nef substantially better than Hck-SH3. Many of these RRT-SH3's 
were able to compete more than 50% of binding of Hck-SH3 to Nef even when present 
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in a 20-fold lower concentration, indicating a K^^ value below 12 nM. Although such 
avidly binding RRT-SH3 domains were found in all RT-loop sequence families, the Ser- 
Pro-Phe tripeptide motif was frequently present in clones that had showed the strongest 
binding to Nef. The proteins RRT.Al, RRT.B6, and RRT.Cl could consistently inhibit 
50% or more of the Hck-SH3 binding even at concentration ratios lower than 1:35, 
corresponding to values as low as. 7 nM. 

These remarkably high affinities were also supported by experiments in which 96-well 
plate assay was formatted in the reverse configuration, using a high-affinity RRT-SH3 
domains (RRT.Al) as the probe and Hck-SH3 or one of the other RRT-SH3 proteins as 
the competitor (Fig. 2B). The ability of the different RRT-SH3 proteins to compete with 
RRT.Al correlated well with their relative capacities in inhibiting Hck-SH3 binding. 
Notably, Hck-SH3 was a very poor competitor of the RRT. Al/Nef interaction, and was 
able to cause a 50% inhibition only when added in more than a 100-fold excess of 
RRT. A 1 used as a probe (7 nM vs. > 0. 85 /zM). As when using Hck-SH3 as the probe, 
the homotypic competition of with an equimolar amount of unlabeled RRT. Al resulted 
in an expected 50% inhibition of binding. Thus, this reverse configuration assay 
confirmed our conclusions regarding the superior binding affinities of the selected RRT- 
SH3 proteins, and suggested that their affinities could be even higher than estimated 
using Hck-SH3 as the probe. 

RRT-SH3 domains recognize Nef by divergent strategies 

^ As discussed above, an isoleucine residue In the RT-loop of Hck-SH3 has been shown 
to be important for its binding to Nef. The aliphatic side chain of this lie residue fits into 
a hydrophobic pocket formed in part by the Nef residue Phe^. Mutation of this 
phenylalanine into an arginine (creating a mutant referred to as NefR90 in the following) 
greatly diminishes the affinity of Hck-SH3 binding (K^ 1.99 /iM). While this interaction 
provides a structural explanation for tlie affinity of Hck-SH3, other modes of molecular 
recognition of the Nef SH3-ligand surface could also be envisioned. Therefore, we were 
interested in examining whether the Nef-selected RRT-SH3 domains also depended on 
a similar hydrophobic interaction, and would therefore aJso be affected by the F90R 
mutation in Nef. 
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Due to the low affinity of the Hclc-SH3/NefTl90 interaction it was not possible to develop 
a quantitative 96-well plate assay based on binding of Hclc-SH3 to immobilized NefR90. 
In contrast, strong binding and an adequate signai-to-noise ratio were observed when 
biotinylated RRT.Al protein was tested as a probe. This indicated that the RRT-SH3 
domain RRT.Al did not critically depend on the Phe^ residue in its binding to Nef. and 
allowed us to examine the relative affinities of the rest of the .RRT-SH3 proteins for 
NefR90 based on their ability to compete with RRT.Al (Fig. 3). 

As expected, Hck-SH3 was a very inefficient competitor of the RRT.Al /NefRPO 
interaction (Fig. 3 and Table I), and failed to cause a 50% inhibition of binding even 
when used in a 16-fold molar excess (66 nM vs. I.l ^M), which was the highest 
practical competiior:probe ratio in the NefR90-assay. Based on the Kd value 1.99 
previously measured for die Hck-SH3/NefR90 complex (Manninen et al. 1998. 
Virology. 250. 273-82). the absolute affinity of RRT.Al for NefR90 was therefore 
estimated to be 100 nM or better. When the other Nef-selected RRT-SH3 proteins were 
tested as competitors for RRT.Al binding, widely varying affinities for NefR90 were 
observed (Fig. 3 and Table I). Some RRT-SH3's (such as RRT.A2 and RRT.B4) 
competed efficiently with RRT.Al binding, indicating that like RRT.Al they also were 
relatively insensitive to the F90R change. In contrast, other RRT-SH3's (such as RRT.B 1 
and RRT.Cl) were almost completely unable to interfere with RRT. A l/NefR90 complex 
formauon even when tested at high concentrations. Thus, some of the high-affinity RJiT- 
SH3 proteins shared with Hck-SH3 a mode of binding to Nef in which the Nef Phe- 
plays a dominant role, whereas others appeared to recognize l^^ef by dissimilar 
mechanisms, and bound well also to NefR90. " 

RRT-SH3 specific for the NefR90 mutant 

The above finding suggested d:at, depending on their RT-loops, the selected SH3 
domains could recognize lig^nds by divergent molecular strategies. Encouraged by this 
Observation we wanted to extend this concept further by engineering SH3 domains with 
entirely redirected binding specificities. To this end, we decided to develop RRT-SH3 
domains that would not bind to wild-type Nef. but instead would show strong affinity for 
the NefTl90 mutant. Thus, binding of such RRT-SH3 domains would be strictly 
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dependent on interactions mediated by structural determinants involving tlie mutant Arg*' 
residue, and would bear little resemblance to the natural recognition of Nef by Hck-SH3. 
For this purpose Nef-F90R was used as an affmity selection reagent, as described above 
for wild-type Nef, except that in some experiments an excess of soluble wiJd-type Nef 
was also included to enhance selection RRT-SH3 proteins that would primarily recognize 
Arg^-dependent determinants. 

The most frequently observed RT-Ioop sequences of the NefR90-selected RRT-SH3 
domains arc shown in the bottom panel of Table T. Although these selection experiments 
were carried out almost as extensively (6 independent experiments) as in the case of 
wild-type;Nef, equally obvious consensus RT-loop sequences were not apparent. As seen 
in Table 1, however, certain amino acids were favored in some positions, such as the 
dipeptide Phe-Leu in the positions 3/6 and 4/6, Glu in 1/6, Ala in 2/6. and Ser in 4/6. 
Notably, tliese NefR90-selected RT-loops did not contain any of the sequence motifs that 
characterized the Nef-selected RRT-SH3 domains. Also, with one exception (RRT.m4). 
the Ser 2/6 that was invariant in the Nef-selected clones was absent from the NefR90- 
selected RRT-SH3 domains. 

As shown in Fig. 3 and Table'l. all RRT-SH3 proteins selected for NefR90 binding 
(RRT.ml through RRT.m4) could efficiently compete with binding of the clone 
RRT.Al to NefR90, and were estimated to have affinities 8- to 4-fold higher than the 
"dual-specific" clone RRT.Al. Remarkably, binding of some of these NefR90-selected 
RRT-SH3 domains was critically dependent on the mutant Arg~ residue, whereas others 
appeared to be "dual-specific". An example of ihe latter was RRT.m3, which besides 
being a potent inhibitor of the RRT.Al/NefR90 interaction, also competed well with 
RRT.Al in binding to Nef la contrast, the clones RRT.ml and RRT.m4 were virtually 
unable to compete with RRT.Al for binding to Nef (Fig. 3 and Table I). Thus, only a 
small fraction of the strong affinity of RRT.ml and RRT.m4 towards NefRQO was 
contributed by su-ucturaJ determinants that did not involve the mutant Arg^residue. Due 
to this residual (Arg^-independent) affmity. however, they could still compete with die 
Hck-SH3/Nef interaction. Nevertheless, the fact that these clones bound to NefR90 at 
least 100-times better than Hck-SH3 or some of the Nef-selected clones (such as 



21 

RRT.Cl) clearly indicated that they had been provided with a strikingly novel binding 
specificity, which targeted them for a high-affinity interaction that depended on an 
artificially created epitope in tlieir ligand. 



